Aims/hypothesis The incidence of type 1 diabetes in children is increasing in Sweden, as is the prevalence of maternal overweight/obesity. Therefore, the aim of this study was to investigate if maternal overweight/obesity increases the risk of type 1 diabetes in offspring of parents with and without diabetes, and of different ethnicities. Methods The study cohort comprised 1,263,358 children, born in Sweden between 1992 and 2004. Children were followed from birth until diagnosis of type 1 diabetes, emigration, death or end of follow-up in 2009, whichever occurred first. First trimester maternal BMI was calculated (kg/m 2 ). Poisson regression was used to calculate incidence rate ratios (IRRs) with 95% CI for type 1 diabetes in the offspring. Results The risk of type 1 diabetes was increased in offspring of parents with any type of diabetes regardless of parental ethnicity. High first trimester maternal BMI was associated with increased risk of type 1 diabetes only in offspring of parents without diabetes (IRR 1.33 [95% CI 1.20, 1.48]).
Introduction
Over recent years, the incidence of type 1 diabetes has been increasing worldwide [1] , including in Sweden [2] . The reason for such an increase is not fully understood, but there is clear evidence that environmental factors are involved in the aetiology of the disease in genetically susceptible individuals [3] . Numerous environmental factors have been implicated both as triggers and accelerators of immune mediated beta cell destruction occurring pre-and postnatally [4] [5] [6] [7] [8] .
The effect of a series of parental and prenatal factors on the risk for type 1 diabetes has been explored in several studies [5, 6] . Although type 1 diabetes has been associated with parental diabetes and with a much higher risk conveyed from the father (6.6%) than from the mother (2.3%) [9] , the majority of children developing type 1 diabetes do not have parents with Tahereh Moradi and Martina Persson contributed equally to this study.
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diabetes. High maternal BMI has been identified as a risk factor for type 1 diabetes in the offspring in some studies [10, 11] , while others have reported no such association [12] . One possible explanation for these conflicting results might be an interaction between maternal BMI and parental type 1 diabetes, type 2 diabetes or gestational diabetes. We are not aware of any studies investigating this possible explanation. Furthermore, to our knowledge, no previous study has explored whether the effect of these two potential risk factors for type 1 diabetes in the offspring varies by parental country of birth.
In this Swedish nationwide cohort study, we investigated if the effect of maternal first trimester BMI on the risk for type 1 diabetes in children varies by parental diabetes status and parental country of birth. Maternal diabetes (type 1, type 2 and gestational diabetes) and obesity in pregnancy are both associated with risk of fetal hyperinsulinaemia that in turn may be a risk factor for future diabetes. Therefore, the effect of any type of maternal diabetes in combination with overweight/ obesity for the risk of type 1 diabetes in the offspring was analysed as well as stratified by type of maternal diabetes.
Methods
Database Data was derived from the newly established Migration and Health Cohort (M&H Co.) [13] . This cohort was created by individual record-linkage between Swedish national registries using personal identification numbers (PIN). In the present study we used the following registries included in the M&H Co.: (1) The Swedish total populations register, in which we retrieved demographic information such as sex, date of birth, country of birth, and date of immigration and emigration [14] ; (2) The Swedish Medical Birth Registry (MBR), which contains data on more than 98% of births in Sweden since 1973 [15] ; (3) The National Patient Register (NPR), which contains data on inpatient care and diagnoses based on the ICD [16, 17] ; (4) The Cause of Death Register, which provides information on the date of death [18] ; and (5) The Multi-Generation Register, which contains information on biological links between children and their parents via PIN [19] . The latest extensive validation of MBR concluded that the quality of data in the register is high [15] . The quality and completeness of data in the NPR is evaluated on a regular basis by the Swedish National Board of Health and Welfare. The result of the latest validation of NPR showed that the diagnoses are valid in 80-95% [16, 17] (see Electronic supplementary material [ESM] Methods for further details).
The study was approved by the Regional Ethical Committees in Stockholm, Sweden (Dnr. 2009/2033-32).
Study cohort The study population comprised 1,263,358 infants and children between 0 and 18 years of age, born and living in Sweden any time between 1992 and 2004. We performed a step by step exclusion in our cohort. We first excluded individuals with any congenital malformation (n= 42,498; 3.36%), followed by multiple births (n=37,113; 2.94%), and delivered before the 28th (n=1,565; 0.13%) or after the 43rd (n=435; 0.04%) completed week of gestation. We further excluded children with missing data on birthweight (BW) (n=3,655, 0.31%), gestational age (n=1,326, 0.11%) and infants with BW >6 SD above or below the mean (n= 3). Records with missing data on mode of delivery (n=28), or with extreme values on maternal age (<13 years, n=1), first trimester maternal weight (<40 or ≥200 kg; n=544, 0.05%) and maternal height (<120 or ≥200 cm; n=35) were also excluded. The final cohort included 1,176,155 individuals. . Women were categorised into three groups (BMI <18.5, 18.5≤BMI <25, 25≤BMI<30, BMI ≥30) according to the WHO classification of BMI cut-offs [20] . First trimester maternal weight was measured at the first antenatal clinic visit, which occurs before 15 weeks of gestation in more than 95% of all pregnancies [15] . Information about maternal height and smoking was recorded by recall. Information on first trimester maternal BMI was available in 83.97% of the women. We performed a sensitivity analysis on a sample of women (n=281,701) with two consecutive births in 1992 and 2004. The distribution of overweight and obesity in the second pregnancy was similar in women with and without data on BMI in the first pregnancy (25.7% and 10.2% vs 25.5% and 10.1%, respectively).
Follow-up
Data on diagnoses of maternal and paternal diabetes was obtained from the NPR, according to the Swedish version of the ICD, as maternal diabetes (pre-gestational type 1 diabetes, type 2 diabetes, or other specified or unspecified types of diabetes, ICD-9: 250 and 648A, and ICD-10: E10, E11, E13, E14 and O240-O243), gestational diabetes (ICD-9: 648W and ICD-10: O244) and paternal diabetes (type 1 diabetes, type 2 diabetes or other specified or unspecified types of diabetes, ICD-9: 250, and ICD-10: E10, E11, E13, E14). ICD-9 does not include specific codes for different types of diabetes and we did not have access to biochemical data such as presence of autoantibodies or level of glycaemic control. As type 1 diabetes is most commonly diagnosed in childhood and type 2 is rare in children, we categorised diabetes as type 1 diabetes if diagnosed before 30 years of age and as type 2 diabetes if diagnosed after 30 years of age.
Parental country of birth was first defined as either Sweden (both parents born in Sweden) or outside Sweden (both parents born abroad and labelled as 'foreign'). Owing to similar lifestyles in the Nordic countries, we further regrouped parents as Nordic and non-Nordic.
Other exposures of interest were maternal age categorised into four age groups, mode of delivery, maternal smoking habits at the first antenatal clinic visit and during the first trimester, and size of offspring at birth. The highest attained parental education in years was used as an indicator for socioeconomic position. Based on the Swedish reference curves for normal fetal growth, infants were categorised as: appropriate for gestational age (AGA) defined as BW between the 10th and 90th percentile, small for gestational age (SGA): BW <10th percentile and large for gestational age (LGA): BW >90th percentile [21] .
Definition of outcome Children (0-18 years) diagnosed with type 1 diabetes according to the ninth and tenth Swedish versions of the ICD (ICD-9: 250 before 1996, and ICD-10: E10 after 1997) were identified in the NPR.
Statistical analyses
Using Poisson regression models, we calculated incidence rate ratios (IRRs) and 95% CIs to estimate the effect of maternal early pregnancy BMI on the risk of type 1 diabetes in the offspring. The analyses were also stratified by parental diabetes (yes/no) and parental country of birth. The effect of first trimester maternal overweight/ obesity and different types of parental diabetes for the risk of type 1 diabetes in the offspring was also assessed. Due to limitations in power, these analyses were only performed within the Nordic cohort.
All risk estimates were adjusted for sex, age of the child at follow-up in 6 year intervals (0-5, 6-11 and 12-18 years) and birth cohort (1992-1995, 1996-1999 and 2000-2004) . The IRRs were additionally adjusted for maternal diabetes, paternal diabetes, first trimester maternal BMI, maternal age, gestational age and maternal smoking in a mutually exclusive manner (i.e. in the analysis concerning maternal diabetes, the estimates were adjusted for paternal diabetes, first trimester maternal BMI, maternal age, gestational age, mode of delivery, maternal smoking and highest attained level of parental education in addition to sex, age and birth cohort of the child). Interactions were tested using likelihood ratio tests. Given that our main aim was to investigate if the effect of maternal first trimester BMI on the risk for type 1 diabetes in children varies by parental diabetes status and parental place of birth, we did not adjust for multiple comparisons in our analysis. For all analyses, p<0.05 was considered statistically significant.
All analyses were performed using Statistical Analysis System (SAS) software, version 9.3 (SAS Institute, Cary, NC, USA).
Results
A total of 5,771 children were diagnosed with type 1 diabetes during the study period. Of those, 4,879, 5,155 and 322 children had parents born in Sweden, within the Nordic countries, and outside the Nordic countries, respectively. Two hundred and ninety-four children had one parent born within and one parent born outside the Nordic countries. On average, the age at onset of type 1 diabetes was similar in offspring of parents born in Nordic countries (mean ± SD; 7.8±3.92), and in offspring of non-Nordic parents (mean ± SD; 7.1±3.79).
Parental diabetes (type 1 diabetes, type 2 diabetes or gestational diabetes) and high first trimester maternal BMI were both associated with increased risk of type 1 diabetes in the offspring regardless of parental country of birth (Table 1 and ESM Table 1 ). Parental type 1 diabetes was associated with the greatest risk.
Parental diabetes and risk of type 1 diabetes in the offspring Offspring of Nordic mothers with diabetes (type 1 diabetes, type 1 diabetes or gestational diabetes) had about three times higher risk for type 1 diabetes compared with offspring of non-diabetic mothers in multivariable models adjusted for paternal diabetes, first trimester maternal BMI, maternal age, gestational age, smoking habits in early pregnancy, parental years of education, mode of delivery, sex, age and year of birth cohort (Table 1 ). In the analysis stratified by type of parental diabetes, offspring of mothers with type 1 diabetes had six times higher IRR compared with offspring of mothers without diabetes regardless of the mother's country of birth. Offspring of Nordic mothers with gestational or type 2 diabetes had an almost doubled risk compared with offspring of mothers without diabetes (Table 1 ). In offspring of nonNordic mothers however, there was no association between maternal type 2 or gestational diabetes and risk of type 1 diabetes in the offspring.
Offspring of Nordic fathers with type 1 diabetes had an almost eight times increased risk for type 1 diabetes compared with offspring of fathers without diabetes. Paternal type 2 diabetes was associated with a doubled risk of type 1 diabetes in the offspring (Table 1) .
Maternal overweight and obesity in early pregnancy and risk of type 1 diabetes in the offspring Increased first trimester maternal BMI was associated with increased risk of type 1 diabetes in the offspring, regardless of parental country of birth and after multivariable adjustment for potential confounders ( p for trend: 0.001 and 0.008 for Nordic and nonNordic parents, respectively). Compared with offspring of normal weight mothers, offspring of obese mothers of Nordic origin had a 25% higher IRR for type 1 diabetes. Offspring of obese mothers born outside the Nordic countries had a 67% higher IRR for type 1 diabetes (Table 1) . The observed increased risk of type 1 diabetes in the offspring associated with first trimester maternal BMI was, however, confined to children of non-diabetic parents ( Table 2 ). The same pattern was observed if parents were born in a Nordic country or in a non-Nordic country (Table 2) . Although this observed increased risk was more prominent in offspring of parents born outside the Nordic countries, the p value testing this variation by parental country of birth and diabetes status was not statistically significant. The p values for interaction between first trimester maternal BMI (continuous variable) and maternal diabetic status were <0.0001, <0.0001 and 0.81 in the whole cohort, Nordic cohort and non-Nordic cohort, respectively. None of the p values for the paternal diabetic status were significant.
First trimester maternal overweight and obesity were associated with a decreased risk of type 1 diabetes in the offspring of mothers with any type of diabetes (maternal BMI ≥30: IRR 0.58 [95% CI 0.41, 0.82]; Table 2 ). The reduced risk was confined however, to offspring of diabetic mothers born in a Nordic country (Table 2) . Within the Nordic cohort, the proportion of women with any type of diabetes increased with the BMI category. In particular, the proportions of women with type 2 or gestational diabetes increased with higher BMI. In analyses stratified by type of maternal diabetes ( (Table 3) . First trimester maternal overweight/obesity had no significant impact on the risk for type 1 diabetes in children born to mothers with type 1 or gestational diabetes (Table 3) . Nine hundred and thirty-eight offspring of mothers with missing data on BMI were diagnosed with type 1 diabetes.
Maternal age, maternal smoking, parental socioeconomic position, mode of delivery and infant size at birth, and risks of type 1 diabetes in the offspring Maternal age, mode of delivery and infant size at birth had no significant impact on the risk of type 1 diabetes in the offspring in either cohort. In offspring of Nordic mothers, maternal smoking in early pregnancy was associated with a decreased risk of type 1 diabetes in the offspring. A low level of parental socioeconomic position was associated with a slightly increased risk of type 1 diabetes in the offspring (Table 1) .
Discussion
This nationwide cohort study, demonstrates that paternal and maternal diabetes (type 1 diabetes, type 2 diabetes and gestational diabetes) and first trimester maternal overweight/ obesity are associated with increased risks of type 1 diabetes in the offspring, regardless of parental country of birth. A novel finding in this study is that high maternal BMI in the first trimester of pregnancy was only associated with an increased risk of type 1 diabetes in offspring of parents without diabetes.
The primary strength of the present study is its cohort design based on national data. The large sample size enabled us to assess the association of first trimester maternal BMI and risk of type 1 diabetes in the offspring after stratification by parental diabetes. Even though the study was based on national data spanning over 13 years, power was limited in some of the sub-analyses within the non-Nordic cohort.
BMI was calculated based on measured weight but selfreported height. The uncertainty of self-reported data may bias our findings but as individuals tend to over report their height, any potential bias would most likely lead to an underestimation of risks associated with first trimester maternal overweight and obesity. The observed risks associated with first trimester maternal overweight and obesity may also be underestimated if women with missing information on BMI were more overweight/obese than women with data on BMI. However, as the distribution of BMI was very similar in women with two consecutive pregnancies regardless of whether BMI was recorded in the first pregnancy, we consider this risk to be very small.
High weight gain in pregnancy has previously been identified as a risk factor for type 1 diabetes in the offspring [10, 22] . In the present study, we did not have access to reliable data on weight gain in pregnancy or information on paternal BMI. The impact of these variables on the risk for type 1 diabetes in the offspring could therefore not be assessed. Patients with any type of diabetes were identified based on ICD codes. We lacked specific ICD codes before 1997 (ICD-9) to distinguish between type 1 diabetes and type 2 diabetes and we did not have access to any biochemical data (autoantibodies, level of glycaemic control). However, as type 2 diabetes is very uncommon in young children and the oldest child in our cohort with a non-specific diagnosis of diabetes was 5 years old, we considered these cases as type 1 diabetes. Since the youngest child in our study was 5 years old at the end of follow-up, we may have missed cases of diabetes diagnosed at a later age. Furthermore, since the aetiology behind type 1 diabetes very early in life is more often genetic rather than environmental [23] , the observed risk of type 1 diabetes associated with maternal overweight and obesity may have been underestimated.
The potential misclassification of type of diabetes is more of a concern in older individuals who were diagnosed with ICD-9 codes. We attempted to disentangle the types of parental diabetes through age limitations; we considered it likely that any case of unspecified diabetes would be type 1 diabetes if diagnosed before the age of 30 years and type 2 diabetes if diagnosed after 30 years of age. In addition, the results of a sensitivity analysis confined to individuals living before and after the introduction of ICD-10 were similar [24] . Furthermore, a validation study of the clinical diagnoses of diabetes and its classification has shown that, about 95% of the diabetes diagnoses in the medical records were correct and in accordance with the WHO criteria [25] . In accordance with the results of previous studies [9, 26] , we found increased risks of type 1 diabetes in offspring of mothers with type 1 diabetes. Our finding of an increased risk of type 1 diabetes in the offspring of mothers with type 2 diabetes or gestational diabetes, also reported by others [9, 27] , could possibly be attributed to epigenetic effects of an abnormal intrauterine environment.
Our analysis demonstrates that in the Nordic population, paternal type 1 diabetes is associated with a higher risk of type 1 diabetes in the offspring than maternal type 1 diabetes. The finding of an almost eightfold increased risk of type 1 diabetes in the offspring of fathers with type 1 diabetes is in line with previous studies [28, 29] . In contrast, among non-Nordic parents, mothers with type 1 diabetes transferred a greater risk of type 1 diabetes to their offspring than fathers. However, the low number of offspring in this group does not allow any firm conclusions.
LGA has previously been demonstrated to be associated with increased risk of type 1 diabetes in the offspring across different populations [5, 30] . BW, adjusted for gestational age, is correlated significantly with the risk of type 1 diabetes in the offspring [31, 32] . In the present study, however, we did not find any association between infant size at birth and risk of type 1 diabetes in either cohort. Maternal age was not a risk factor for type 1 diabetes in the offspring. This finding is in line with some previous studies [33, 34] , whereas others have reported increased risk with advanced maternal age [6, 11] . The reasons behind these diverging results are unclear and need to be explored in future studies.
Consistent with previous studies [6, 33, 35] , we found a reduced risk of type 1 diabetes in offspring of mothers who smoked in early pregnancy. The mechanism behind the apparent protective effect of smoking for the development of diabetes in the offspring is unclear. Preeclampsia, more common in non-smokers [36] , has been associated with increased risk of type 1 diabetes in the offspring [37, 38] . Thus, the reduced risk of type 1 diabetes in offspring of smoking mothers could be due to immunological factors associated with preeclampsia [6] . Indeed, preeclampsia was more common among non-smokers than smokers in the present study.
Mode of delivery has been associated with increased risk of type 1 diabetes in the offspring [6] . In this study, however, we were not able to confirm this association neither in the Nordic nor in the non-Nordic cohort.
Our finding of an increased risk of type 1 diabetes in the offspring of overweight and obese mothers has been reported in some previous studies [10, 11] , while others did not report this association [12, 33] . In the present study, the combined effect of first trimester maternal obesity and parental diabetes for the risk of type 1 diabetes in the offspring was also investigated. Novel findings include that the increased risk is confined to offspring of parents without diabetes. The finding that first trimester maternal obesity was a risk factor for type 1 diabetes only in offspring of parents without diabetes, and with no further increment in risk in offspring of parents with diabetes, clearly suggests that heredity for type 1 diabetes is the strongest risk factor of the two for development of type 1 diabetes in the next generation.
Maternal hyperglycaemia and maternal obesity are both associated with fetal hyperinsulinaemia, a potential risk factor for the development of diabetes in the offspring. The finding of a reduced risk for type 1 diabetes in offspring of overweight and obese mothers with type 2 diabetes was therefore unexpected. However, one could speculate that this observation is a reflection of the different genetic backgrounds for type 1 and type 2 diabetes. There is a strong correlation between BMI and fat mass in early pregnancy [39] . Given the different metabolic effects of an increased subcutaneous and visceral fat mass [40] , it is possible that the risk for type 1 diabetes in the offspring differs with type of maternal obesity. This could, however, not be explored in the present study.
Maternal overweight and obesity are associated with increased insulin resistance and enhanced transfer of glucose and other nutrients across the placenta, stimulating fetal insulin secretion [41] . Offspring of overweight and obese mothers have significantly increased fat mass and signs of insulin resistance already at birth [42] . Furthermore, maternal prepregnancy BMI is correlated with fetal insulin resistance and per cent body fat in the newborn [42] . In addition, data from animal models indicate that hyperinsulinaemia in utero may lead to mal-programming of metabolic and neuroendocrine networks and increased risk for obesity and diabetes in the offspring [43] . Against this background, it is possible that epigenetic factors in the intrauterine environment of obese mothers initiate beta cell stress, metabolic dysregulation and earlier onset of type 1 diabetes in genetically susceptible individuals.
High maternal BMI is often associated with high BW in the offspring [44] , and high BW in turn is associated with increased risk of type 1 diabetes [32, 45] . In this context, it is interesting to note that certain HLA genotypes associated with low risk for type 1 diabetes recently have been associated also with overweight and obesity. Furthermore, the proportion of newly diagnosed children with a low risk HLA profile (HLA-DQ A1*05:01-B1*02:01/A1*05:01-B1*02:01) as opposed to the high risk profile (HLA-DQ A1*05:01-B1*02:01/ A1*03:01-B1*03:02), is increasing over time, concomitant with an increasing incidence of overweight and obesity at diagnosis [46] .
In conclusion, this population-based study from Sweden demonstrates significantly increased risks of type 1 diabetes in offspring of both mothers and fathers with diabetes and regardless of parental migration background. The highest risks were noted in offspring of mothers and fathers with type 1 diabetes. Furthermore, maternal overweight and obesity in early pregnancy were associated with increased risk of type 1 diabetes in the offspring of parents without diabetes. Prevention of overweight and obesity in women of reproductive age may contribute to a decreased incidence of type 1 diabetes.
